There is a great deal of structural information on the prokaryotic EF-Tu and archaeal aIF2 complexes; however, ribosome-contacting surfaces of aIF2 and eIF2 have not yet been identified, and Met-tRNA i Met binding to eIF2 has not been characterized. To facilitate translation elongation, the GTPase EF-Tu in bacteria (eEF1A in eukaryotes) forms a ternary complex with GTP and an aminoacyl-tRNA and then binds the aminoacyl-tRNA to the A-site of the ribosome in a codon-dependent manner. Recent X-ray crystallographic studies have provided a highresolution image of the EF-Tu-GTP-aminoacyl-tRNA-70S ribosome complex and revealed contacts between EF-Tu and rRNA elements near the A-site of the ribosome 1,2 . Functioning in a manner analogous to EF-Tu, the eukaryote-specific translation initiation factor eIF2 forms a ternary complex with GTP and the specific initiator MettRNA i
a r t i c l e s structural information on aIF2 complexes, the ribosome-contacting surfaces aIF2 and eIF2 have not been identified. To gain insights into how eIF2 binds Met-tRNA i
Met and then associates with the ribosome, we used directed hydroxyl radical probing to identify eIF2 contacts within the 48S PIC.
RESULTS

Analysis of eIF2 cysteine mutants
Yeast eIF2 contains 20 cysteine residues among the three subunits (5 in eIF2α, 5 in eIF2β and 10 in eIF2γ); however, 8 of these cysteine residues (4 each in eIF2β and eIF2γ) are contained in essential zincbinding motifs. We mutated the 12 cysteine residues not involved in coordinating Zn either to serine or to residues found in other species (Fig. 2a) to generate a 'Cys-lite' version of eIF2 (eIF2∆C). Next, single cysteine residues were introduced at various surfaceexposed sites on all three subunits of eIF2 (Fig. 2b) . When expressed in a yeast strain in which the chromosomal genes that encode all three subunits, eIF2α (SUI2), eIF2β (SUI3) and eIF2γ (GCD11), were deleted, all of the mutants supported cell growth to the same extent as expression of WT eIF2 ( Supplementary Fig. 2a-c) . Moreover, none of the mutants (except eIF2∆C-γL349C) affected translational control of GCN4 mRNA, a sensitive in vivo reporter of eIF2 function (see below and Supplementary Fig. 2a-c) . We conclude that the cysteine mutations (except γL349C) have minimal effects on eIF2 function in vivo.
The various eIF2 mutant proteins were purified and derivatized with Fe(ii)-1-(p-bromoacetamidobenzyl)-EDTA (Fe(ii)-BABE), and the activity of each modified protein was tested using a 48S complex formation assay. As shown in Figure 2c and Supplementary Figure 2g , Fe(ii)-BABE-modified WT eIF2∆C was slightly less active than unmodified WT eIF2 (Fig. 2c , lane 7 versus 8) in binding [ 35 
S]Met-tRNA i
Met to 40S ribosomes in the presence of eIF1, eIF1A and a model mRNA. Moreover, the eIF2∆C complexes containing the βS80C, βR186C, βS264C or γL349C mutant subunit showed reduced 48S complex formation activity (Fig. 2c) . Consistent with the results of the 48S complex formation assay, affinity measurements revealed that Fe(ii)-BABE-eIF2∆C bound 40S subunits with about one-third the affinity of WT eIF2, and the βR186C and γL349C mutants bound 40S subunits with about one-tenth the affinity of eIF2∆C (Fig. 2d) . In contrast, the γK507C mutant bound 40S subunits with a K d of 32 nM, only about one-half the affinity of eIF2∆C (Fig. 2d) . To avoid complications associated with altered 48S complex formation activity, 0.5 µM eIF2 was used in all cleavage assays. In preliminary experiments, Fe(ii)-BABE linked to the native cysteine residues in yeast eIF1 produced 18S rRNA cleavages near the top of helix h44 ( Supplementary Fig. 2d,e) , consistent with the reported binding site for mammalian and Tetrahymena thermophila eIF1 (ref. 17) . Furthermore, toe-printing assays demonstrated that the 48S complexes were bound at the AUG start codon on the model mRNA (see Supplementary Fig. 2f ). We conclude that the yeast assay system produced bona fide 48S complexes. Figure 1 Structures of EF-Tu ternary complex and aIF2γ ternary complex model. (a) Ribbon representation of EF-Tu-GDPNP-Phe-tRNA Phe ternary complex (PDB 1TTT 18 ). (b) The aIF2γ structure (PDB 2AHO 15 ) aligned to the EF-Tu structure using PyMOL software (DeLano Scientific) to make an aIF2γ-GDPNP-Phe-tRNA Phe ternary complex model. Three interaction points between EF-Tu and Phe-tRNA Phe (T stem, 5′ end and 3′ CCA 18 ) are boxed and labeled. The aIF2γ residues corresponding to residues Lys507 and Arg118 in S. cerevisiae eIF2γ, used to tether Fe(ii)-BABE for hydroxyl radical cleavage of tRNA i
Met (see Fig. 3 ), are shown as blue and magenta spheres, respectively. The GTP binding domain (G), domain II (II) and domain III (III) of both EF-Tu and aIF2γ are colored as indicated, and Phe-tRNA Phe is shown in orange. The same color schemes for EF-Tu, aIF2γ and Phe-tRNA Phe are used in all figures. eIF2-WT a eIF2∆C-WT eIF2∆C-γK507C eIF2∆C-γL349C eIF2∆C-αM29C eIF2∆C-αK182C eIF2∆C-βR186C
2.9 ± 1.1 14.6 ± 3.3 32.1 ± 12.6 111.5 ± 91.0 15.8 ± 3.1 23.6 ± 9.1 144.6 ± 80.9 a Not derivatized with Fe(II)-BABE. 
a r t i c l e s
Directed hydroxyl radical cleavage of Met-tRNA i Met by eIF2 In the crystal structure of the Thermus aquaticus EF-Tu-GDPNP-PhetRNA Phe ternary complex (PDB 1TTT 18 ), three different regions of Phe-tRNA Phe interact with EF-Tu: the aminoacyl 3′-CCA-Phe, the 5′ end and the T stem (Fig. 1a) . Based on the structural similarity of aIF2γ and EF-Tu, we generated an aIF2γ ternary complex model (Fig. 1b) by aligning the structures of Sulfolobus solfataricus aIF2γ (PDB 2AHO 15 ) and yeast initiator tRNA i
Met (PDB 1YFG 19 ) with EF-Tu and PhetRNA Phe , respectively, in the EF-Tu ternary complex structure. In this model, the methionine on Met-tRNA i Met binds in a groove between the G domain and domain II, and the body of the tRNA lies across domain III, resulting in the anticodon portion of the L-shaped molecule projecting away from the factor (Fig. 1b) . Accordingly, the T stem of Met-tRNA i
Met is predicted to contact domain III of eIF2γ. In order to probe the position of Met-tRNA i Met binding to eIF2, we examined 48S complexes formed using 5′ end-labeled Met-[ 32 Met into 48S complexes was confirmed using a native gel-shift assay (Supplementary Fig. 3) . Cleavage of Met-[ 32 P]tRNA i Met by hydroxyl radicals formed in the vicinity of the ferrous iron was analyzed by denaturing gel electrophoresis. Compared to Fe(ii)-BABE-treated eIF2∆C, the modified eIF2∆C-γR118C complex showed enhanced cleavage at bases C49-G53 and G63-C66, which are located in the T stem of tRNA i Met (Fig. 3a , lane 1 versus 2, and Fig. 3b ). Hydroxyl radicals generated using the Fe(ii)-modified eIF2∆C-γK507C complex cleaved three different regions of tRNA i Met : C11-C13 and C23-G26, both in the D stem, and G68-C71 in the 3′ side of the acceptor stem (Fig. 3c, lanes 1 and 4, and Fig. 3d) . Notably, all of these γK507C cleavage sites lie on the inside face of the L-form structure of tRNA i Met (Fig. 3d) . No notable tRNA i Met cleavages were observed when Fe(ii)-BABE was tethered at other sites on eIF2α (M29C, K182C or L226C), eIF2β (R186C) or eIF2γ (L349C, D446C (very weak cleavage at C25) or A480C), with the exception of the eIF2∆C-βS264C complex (Fig. 3c,e) , which will be discussed below. The tRNA i
Met cleavages obtained with the eIF2∆C-γR118C and eIF2∆C-γK507C complexes are inconsistent with the EF-Tu ternary complex-like model (see Fig. 3f ). Most noticeably, Fe(ii) tethered to γK507C did not cleave the T stem, but instead resulted in cleavages in the D stem on the opposite face of the tRNA (Fig. 3f) . On the basis of these results, we conclude that the structure of the eIF2 ternary complex on the 48S complex differs substantially from the structure of the EF-Tu ternary complex, both free and on the ribosome.
Directed hydroxyl radical cleavage of 18S rRNA by eIF2
To determine how eIF2 contacts the 40S subunit, we generated hydroxyl radicals in 48S complexes containing Fe(ii)-BABE-modified eIF2 and identified 18S rRNA cleavage sites by primer extension analyses using 32 P-labeled primers (Fig. 4) . No cleavages beyond those obtained with eIF2∆C were observed when eIF2∆C complexes contained Fe(ii) tethered to residues S80C or R186C in eIF2β, S160C in eIF2γ, or V165C or M216C in eIF2α ( Fig. 4a and data not shown). In contrast, Fe(ii)-modified eIF2∆C-γD446C complexes produced cleavages at residues A1655-A1659 and A1744-A1749 and weaker, and not always reproducible, cleavages at residues A1667-A1671 and G1736-U1738 (Fig. 4a , lane 5 versus 8). These cleavages map to both strands of the upper and middle portions of 18S rRNA helix h44, a prominent landmark that extends from the bottom of the head to the bottom of the body on the subunit interface side of the 40S subunit ( Fig. 4c,d ).
To help orient the docking position of eIF2γ on the 40S subunit, we examined three additional eIF2γ mutants: L349C, A480C and K507C. The Ala480 and Lys507 residues lie on opposite sides of Asp446, with all three residues on the same face of domain III of eIF2γ (Fig. 2b) . The Leu349 residue is in domain II of eIF2γ near the eIF2α binding site and remote from Asp446. Consistent with the results obtained with the D446C mutant, tethering Fe(ii) to A480C yielded cleavages at four different positions in helix h44: U1656-A1660, A1667-A1671, U1735-A1740 and A1744-A1749 (Fig. 4b,c) . Likewise, hydroxyl radicals generated at γK507C cleaved at A1655-G1658 and G1747-A1750 in helix h44 (Fig. 4b,c) . When Fe(ii) was tethered to γL349C, no specific cleavages above background (eIF2∆C) were observed in the Met (cyan) cleavages by hydroxyl radicals generated at residues Lys507 (K507C, blue) and Arg118 (R118C, magenta). The model was generated by docking the structure of yeast tRNA i Met (PDB 1YFG 19 ) on the aIF2γ ternary complex structure from Figure 1b . Orange spheres, Rit1-catalyzed 2′-O-ribosyl phosphate modification at residue 64 of tRNA i Met .
a r t i c l e s 18S rRNA (Fig. 4b) . This lack of cleavage could reflect the distance of γL349 from the ribosome or the poor binding of this mutant to the ribosome. As shown on the secondary and tertiary structure models of the 18S rRNA (see Fig. 4c and Supplementary Fig. 4b ), the three eIF2γ domain III mutants, D446C, A480C and K507C, produced cleavages in overlapping regions of helix h44, yet each mutant yielded a distinct pattern of cleavages. The locations of the cleavages indicate that LysK507 lies closest to the top of helix h44, followed by Asp446 and then Ala480 (Fig. 4c) . The distances between the centers of the cleavages observed with each mutant, as mapped on the structure of helix h44, are comparable to the distances between the three residues in aIF2γ ( Fig. 4c-f) , consistent with the notion that domain III of eIF2γ docks very closely to the 40S subunit.
Model of the 40S-aIF2γ-Met-tRNA i
Met complex In the GDPNP-bound structure of the archaeal aIF2αγ complex from S. solfataricus (PDB 2AHO) 15 , the aIF2γ subunit adopts an active conformation, similar to that of EF-Tu-GTP, so this aIF2γ structure was chosen for modeling studies of the 40S-aIF2-Met-tRNA i Met complex. The 40S subunit structure was obtained from the recent crystal structure of the yeast ribosome (PDB 3O30 (ref. 20) ), and the orientation of the P-site tRNA was modeled on the structure of the Thermus thermophilus 70S ribosome containing bound P-and E-site tRNAs (PDB 2J00 (ref. 21) ). Docking of the yeast tRNA i Met structure (PDB 1YFG 19 ) in the P-site of the 40S subunit placed the codon-anticodon interaction in the P-site at the top of helix h44 (see Fig. 4d ). The aminoacyl end of the L-shaped Met-tRNA i Met projects down toward the body of the 40S subunit (Fig. 4c,d) . The distance between helix h44 and the aminoacyl end of the Met-tRNA i Met in this model (43 Å) is consistent with the distance between Lys507 (Gly403 in S. solfataricus aIF2γ) and the proposed aIF2γ amino acid binding site located between the G domain and domain II in analogy with EF-Tu (32 Å).
To fine tune the docking position of aIF2γ between the aminoacyltRNA and helix h44, we first focused on the helix h44 cleavages observed when hydroxyl radicals were generated at residues Lys507, Asp446 and Ala480. Domain III of aIF2γ was oriented on helix h44 such that Lys507 (Gly403 in S. solfataricus) lay above Asp446 (Met345 in S. solfataricus), which in turn was above Ala480 (Lys375 in S. solfataricus), consistent with the partially overlapping cleavage patterns obtained with hydroxyl radicals generated at these sites (Fig. 4c) . The absence of rRNA cleavages flanking helix h44 limits the ability to precisely position eIF2γ on helix h44. However, note that when viewed from below, residues Asp446 and Ala480 lie on opposite sides of helix h44, consistent with the bias of the cleavages to opposite sides of the helix (Fig. 4f) . A modest reconfiguration of the 3′ CCA end of the tRNA i Met enabled its docking on aIF2γ. In this model, the elbow of the L-shaped tRNA i
Met is rotated nearly 180° from its position in the EF-Tu-GTP-Phe-tRNA Phe complex (see Figs. 1, 4d and  5a,b) . In support of this substantial reconfiguration of the eIF2 versus EF-Tu ternary complex model, docking of aIF2γ in the EF-Tu mode of binding on the P-site bound Met-tRNA i Met places domain III of aIF2γ remote from helix h44 (Supplementary Fig. 4a) .
The results from the cleavage assays provide support for the model of the 40S-aIF2γ-Met-tRNA i Met complex. As shown in Met as in the EF-Tu ternary complex (Fig. 1b) ; however, domain III of aIF2γ was positioned toward helix h44 and aligned consistently with the cleavage data. aIF2γ residues corresponding to Lys507 (blue), Asp446 (black), Ala480 (red) and Arg118 (magenta) are shown as spheres, and the helix h44 and Met-tRNA i
Met cleavage sites are shown in matching colors for the three sites of Fe(ii)-BABE modification.
Met , consistent with the stronger cleavages observed in helix h44 than in Met-tRNA i Met (Figs. 3c and 4b) . Likewise, Asp446 (Met345 in S. solfataricus) and Ala480 (Lys375 in S. solfataricus) are close to helix h44 and even farther from the Met-tRNA i Met , consistent with their very weak, or absent of, Met-tRNA i Met cleavage (data not shown). Finally, the model supports the Met-tRNA i Met cleavages generated by the γR118C (Gln27 in S. solfataricus) derivative (Fig. 4d,e) . eIF2γ binding site for the acceptor stem of Met-tRNA i
Met
In our proposed model of the 40S-aIF2γ-Met-tRNA i Met complex, the 3′ CCA-Met acceptor end of Met-tRNA i Met binds in a pocket formed between the G domain and domain II of aIF2γ. The analogous pocket in EF-Tu binds the amino acid and aminoacyl end of elongator tRNAs in the EF-Tu-GTP-aminoacyl-tRNA complexes (Fig. 5a,b) . The eIF2γ residues Tyr142 (Tyr51 S. solfataricus), Glu383 (Gly282) and Gly397 (Ala296) are positioned very close to the 3′ end of the tRNA i Met (Fig. 5c) . Previously, mutations at these sites were reported to alter translational control of the GCN4 mRNA, a sensitive in vivo reporter of eIF2 function 22 . Production of GCN4, a transcriptional activator of amino acid biosynthetic enzyme genes, is constitutively repressed in gcn2∆ strains, and cells cannot grow under amino acid starvation conditions, such as those imposed by the amino acid analogs 3-aminotriazole (3-AT), which impairs histidine biosynthesis, or sulfometuron methyl (SM), which impairs isoleucine and valine biosynthesis. Mutations that impair eIF2 function, such as Met-tRNA i Met or ribosome binding, enhance GCN4 expression and enable gcn2∆ strains to grow on medium containing 3-AT or SM 23 . Accordingly, the eIF2γ mutations Y142H, E383K and G397A derepressed GCN4 expression 22, 24 , and the derepressed phenotype of the Y142H and G397A mutants was suppressed by overexpressing tRNA i Met (refs. 11,25) , indicating that the mutations weakened Met-tRNA i Met binding to eIF2. In support of this latter notion, we confirmed that the Y142H mutation in yeast eIF2γ severely impaired ternary complex formation by purified yeast eIF2 (Fig. 5d) , consistent with an earlier report 25 . These genetic and biochemical results indicate that the aminoacyl-tRNA binding pocket is a major determinant for Met-tRNA i Met binding to eIF2.
Whereas the body of the tRNA contacts both domains II and III in the EF-Tu ternary complex (Fig. 5b) , in our model of the aIF2 ternary complex the contact between the Met-tRNA i Met and aIF2γ is restricted to the acceptor stem-binding pocket described above (Fig. 5a) . Previously, another group reported that a critical contact for the stability of the EF-Tu ternary complex occurs between the T stem of tRNAs and domain III of EF-Tu 26, 27 (Fig. 5b) . Supporting this idea, we found that mutating Thr394 in domain III of T. thermophilus EF-Tu to cysteine greatly impaired Phe-tRNA Phe binding ( Fig. 5b,e ; K d value of 68 (±2) nM for WT EF-Tu and >1,000 nM for EF-Tu-T394C). In contrast, the analogous K507C mutation in domain III of yeast eIF2γ (Gly403 in S. solfataricus aIF2γ) did not impair MettRNA i Met binding (Fig. 5a,f ; K d value of 14 (±4) nM for WT eIF2 and 20 (±2) nM for eIF2-γK507C). Note that the affinity of EF-Tu for GDP was not impaired by the T394C mutation (K d value of 7 (±2) nM for WT EF-Tu and 11 (±5) nM for EF-Tu-T394C; data not shown), indicating that the structural integrity of EF-Tu was not altered by the T394C mutation. This considerably different impact of domain III mutations on EF-Tu versus eIF2 ternary complex formation provides independent support for our structural model of the aIF2 ternary complex bound to the 40S ribosome, in which domain III of aIF2γ contacts the ribosome rather than Met-tRNA i Met .
Interaction of domain III of eIF2γ with 18S rRNA helix h44
Residues Asp446, Ala480 and Lys507, the three sites in eIF2γ that yielded helix h44 cleavages, lie on the same face of domain III ( Fig. 4d and Supplementary Fig. 4b ). To test the hypothesis that this face of domain III is a 40S ribosome interface, we mutated the conserved surface residues Arg439 and Arg510 in S. cerevisiae eIF2γ (Fig. 6a) , which are not conserved in EF-Tu (Supplementary Fig. 1 ), to alanine and histidine, respectively. Although the eIF2γ-R439A and eIF2γ-R510H mutations did not affect yeast cell growth on SD minimal medium (Fig. 6b, rows 1-3) , they suppressed the SM-sensitive phenotype of a gcn2∆ strain (Fig. 6b, rows 4-6 ) and increased GCN4-lacZ expression 6-to 11-fold (Fig. 6c) . This SM-resistant phenotype of the eIF2γ-R510H mutant is consistent with its previous isolation as a spontaneous 3-AT-resistant suppressor of a gcn2 gcn3 double mutant 24 . As eIF2γ-R439A and eIF2γ-R510H were expressed at levels a r t i c l e s equivalent to that of WT eIF2γ (Fig. 6d) , the SM-resistant phenotype of these mutants indicates that they impair eIF2 function in vivo.
As purified WT eIF2 (K d = 20 ± 2 nM) and eIF2 complexes containing the eIF2γ-R439A mutant subunit (K d = 23 ± 4 nM) bound Met-tRNA i
Met with similar affinities (data not shown), the γR439A mutation does not affect eIF2 ternary complex formation. In contrast, a gel-shift assay 7 revealed that the γR439A mutation impaired eIF2 ternary complex binding to 40S subunits in the absence of mRNA. As shown in Figure 6e (rows 1 and 2) , the γR439A mutation impaired ternary complex binding to the 40S subunit and increased the K d value for ribosome binding by three-fold (see Supplementary  Fig. 5) . A previous study identified mutations in 18S rRNA helix 28 near the P-site of the yeast 40S subunit that impaired eIF2 ternary complex binding 28 . Consistent with our model (Fig. 6a) , these mutations indicate that the interaction between the Met-tRNA i Met and the P-site also contributes to the binding of the eIF2 ternary complex to the 43S preinitiation complex. As observed previously 28 , we found that the A1152U mutation in 18S rRNA helix 28 increased the K d value for eIF2 ternary complex binding to 40S subunits five-fold (Fig. 6e, rows 1 and 3) . The R439A mutation in domain III of eIF2γ further increased the K d value six-fold (Fig. 6e, rows 3 and 4) . Taken together, the in vivo GCN4 expression defects and the in vitro ribosome binding defects associated with the R439A mutation support the results of the hydroxyl radical probing experiments and indicate that domain III of eIF2γ makes important contacts with the 40S subunit that facilitate 43S complex formation.
Modeling of 43S complex
To dock aIF2β onto the 43S (40S-aIF2α-Met-tRNA i Met ) complex model, the structure of the S. solfataricus aIF2βγ heterodimer (PDB 2QMU 16 ) was aligned to the aIF2γ subunit in the model (Fig. 7a) . Only the N-terminal α-helix H1 of aIF2β forms a rigid-body interaction with aIF2γ, so only this portion of aIF2β can be definitively positioned in the model. The remainder of aIF2β including the central and zinc-binding domains (ZBD) is known to be flexible 14 and Met complex model. aIF2β from the aIF2βγ heterodimer structure (PDB 2QMU 16 ) was docked on the 40S-aIF2γ-Met-tRNA i Met complex in Figure 4d . Helix H1 of aIF2β, which forms the only rigid-body interaction with aIF2γ, is boxed. The aIF2β location corresponding to eIF2β-S264 is shown as purple spheres, and the Met-tRNA i Met residues cleaved by Fe(ii)-BABE linked to eIF2∆C-βS264C are colored purple. (b) Docking of aIF2α, eIF1 and eIF1A on the 40S-aIF2βγ-Met-tRNA i Met complex. aIF2α is from the aIF2αγ heterodimer structure (PDB 2AHO 15 ); eIF1 is from the 40S-eIF1 co-crystal structure (PDB 2XZM 17 ); and eIF1A (PDB 1D7Q) position was based on the bacterial 30S-IF1 structure (PDB 1HR0 9 ) and hydroxyl radical mapping data 8 . Only the eIF1A core structure is shown. (c) Schematic depicting the alternate tRNA T stem (orange) and rRNA helix h44 (black) interactions of domain III (green) from EF-Tu (left) and aIF2γ (or eIF2γ) (right). a r t i c l e s thus could adopt many conformations. The position of aIF2β in the model, close to the Met-tRNA i Met but distant from the ribosome, is consistent with the cleavage on one side of the Met-tRNA i Met when Fe(ii)-BABE was tethered to eIF2∆C-βS264C (Figs. 3c,e and 7a) and with the finding that Fe(ii)-BABE tethered to multiple positions in eIF2β yielded no cleavages in the 18S rRNA.
The position of aIF2α in the 43S complex can be predicted by aligning the structure of the aIF2αγ heterodimer (PDB 2AHO 15 ) with aIF2γ in the model (Fig. 7b) . The aIF2α-aIF2γ interactions are restricted to the C-terminal domain III of aIF2α, and domains I and II of aIF2α appear to move as a rigid body independent of domain III 14 . As we failed to detect any cleavages of either 18S rRNA or Met-tRNA i
Met by Fe(ii)-BABE tethered at various residues in eIF2α, the N-terminal portion of aIF2α is depicted as in the aIF2αγ heterodimer structure. However, it is noteworthy that earlier researchers cross-linked eIF2α in 48S complexes to the mRNA at the -3 position relative to the AUG start codon 29 . It is unclear whether yeast eIF2α undergoes rearrangements that could allow this contact to occur.
To complete the model of the 43S complex, the structures of the core domains of eIF1 and eIF1A were docked on the ribosome. Aligning the Tetrahymena eIF1-40S co-crystal structure (PDB 2XZM 17 ) with the structure of the 40S-aIF2αβγ-Met-tRNA i Met model placed Tetrahymena eIF1 at the top of 18S rRNA helix 44 above aIF2γ and immediately below the Met-tRNA i Met (Fig. 7b) . This binding site is compatible with the hydroxyl radical probing data for the complexes of human and yeast eIF1 with the 40S subunit 5 ( Supplementary Fig. 2d,e) . In the bacterial (T. thermophilus) IF1-30S cocrystal structure (1HR0 9 ), IF1 binds near the base of the A-site, and hydroxyl radical mapping experiments placed the folded core of the orthologous human eIF1A in a similar position on mammalian ribosomes 8 . Accordingly, human eIF1A (1D7Q 30 ) was docked in the A-site of the 43S complex model (Fig. 7b) . In support of the final 40S-aIF2αβγ-Met-tRNA i Met -eIF1-eIF1A (43S complex) model, it is noteworthy that, aside from a small clash between the positions of Met-tRNA i Met and eIF1 17 , there is little conflict between the positions of the aIF2 ternary complex, eIF1 and eIF1A (Fig. 7b) .
DISCUSSION
Position of eIF2 on the 40S ribosome
In addition to the conserved G domain, the translational GTPases share a conserved β-barrel domain II. Whereas EF-Tu(eEF1), EF-G(eEF2), RF-3(eRF3) and IF2(eIF5B) bind near the A-site of the intact ribosome, eIF2γ binds Met-tRNA i Met to the P-site of the 40S ribosomal subunit. Consistent with the notion that eIF2 makes different contacts with the ribosome than the other translational GTPases, the face of domain II of EF-Tu 1 , EF-G 31-33 and IF2(eIF5B) [34] [35] [36] that contacts the small ribosomal subunit forms the docking site for eIF2α on eIF2γ 11, 15, 37 . The directed hydroxyl radical probing experiments reported here reveal that domain III of eIF2γ docks near helix h44 of the 40S ribosome. As mutation of conserved, surface-exposed arginine residues in eIF2γ domain III impaired binding of the eIF2 ternary complex to the 40S ribosome ( Fig. 6e and Supplementary  Fig. 5 ), we conclude that eIF2 binds to helix h44 on the intersubunit face of the 40S ribosome.
In the 43S complex model (Fig. 7b) , the only contacts between the ternary complex and the 40S subunit are through Met-tRNA i Met and domain III of aIF2γ. However, it is possible that eIF3 and eIF5, factors that were not included in the experiments in this paper, as well as other elements in eIF2 contribute to binding the ternary complex to the 40S subunit. In particular, the N terminus of eIF2β contains three lysine-rich elements (K-boxes) that have been shown to support both protein-protein and protein-nucleic acid interactions 38, 39 , and eIF2α was reported to contact mRNA near the AUG start codon 29 . Additional studies are needed to determine whether eIF2α, the eIF2β K-boxes, eIF3 and eIF5 contribute to 48S complex formation and the positioning of eIF2 on the 40S subunit.
Structure of the eIF2 ternary complex
It has generally been assumed that the orientation of the aminoacyltRNA in the eIF2 ternary complex would resemble the structure of the EF-Tu ternary complex, in which the T stem of the tRNA contacts domain III of aIF2γ (Fig. 1) . Docking aIF2γ in the EF-Tu ternary complex configuration on Met-tRNA i Met in the P-site placed aIF2γ at a location remote from the ribosome (Supplementary Fig. 4a ). This model is at odds with the results from hydroxyl radical probing experiments (Fig. 4) , which place domain III of eIF2γ in the vicinity of helix h44. Consistent with the structure of the EF-Tu ternary complex, the T394C mutation in domain III of EF-Tu considerably impaired aminoacyl-tRNA binding (Fig. 5b,e) . In contrast, mutation of the corresponding Lys507 residue in eIF2γ ( Supplementary Fig. 1 and Fig. 5a ) did not impair Met-tRNA i Met binding (Fig. 5f) . Rather, directed hydroxyl radical probing experiments indicated that Lys507 binds the 40S subunit near helix h44 (Fig. 4) . Taken together, we propose that as the unique translation initiation pathway evolved in eukaryotes, the tRNA-binding interface on domain III of the bacterial GTPase EF-Tu was adapted in the GTPase eIF2γ to bind rRNA (Fig. 7c) .
Studies on the Rit1 enzyme in yeast provide additional support for the idea that the conformation of Met-tRNA i Met in the eIF2 ternary complex is different than the conformation of aminoacyl-tRNAs in the EF-Tu ternary complex. The Rit1-catalyzed addition of a 2′-O-ribosyl phosphate modification at position 64 in the T stem prevents MettRNA i
Met from functioning in translation elongation 40 . Yeast have separate genes for initiator and elongator tRNA Met , and these tRNAs are used exclusively in translation initiation and elongation, respectively 41 . Yeast cells lacking elongator tRNA Met are inviable; however, deletion of RIT1 restores viability and enables tRNA i Met to function in both translation initiation and elongation 40 . The 2′-O-ribosyl phosphate modification occurs in the T stem of Met-tRNA i Met (Figs. 3f and 5a) and would be predicted to interfere with Met-tRNA i Met binding to eEF1A (the eukaryotic ortholog of EF-Tu) as well as with Met-tRNA i Met binding to eIF2 in the EF-Tu mode. On the other hand, the 2′-O-ribosyl phosphate modification should have no impact on Met-tRNA i Met binding to eIF2 in the altered mode shown in the ternary complex (Fig. 5a ) and 43S complex (Fig. 7b) models.
Whereas EF-Tu interacts with both the amino acid and the body of aminoacyl-tRNAs 26, 27, 42, 43 , in our ternary complex model (Fig. 5a ) eIF2 interacts exclusively with the methionine residue and acceptor stem of Met-tRNA i Met . Elegant biochemical experiments have shown that by balancing independent interactions with the tRNA body and the esterified amino acid, EF-Tu binds different aminoacyl-tRNAs with comparable affinities 42, 43 . Moreover, these researchers showed that residues in domain III of EF-Tu that interact with the T stem of aminoacyl-tRNA play critical roles in tRNA binding 26 . So how does eIF2 achieve comparably strong binding of Met-tRNA i Met despite its limited contact with the Met residue and 3′ end of the tRNA? One possibility is that eIF2α and eIF2β provide additional Met-tRNA i Met binding contacts in the eIF2 ternary complex. Consistently, linkage of Fe(ii)-BABE to eIF2β-S264C yielded cleavages in both the T and D stems of Met-tRNA i Met (Fig. 3c,e) . Alternatively, and in contrast to EF-Tu, which must bind a variety of aminoacyl-tRNAs, the MettRNA i
Met binding pocket in eIF2γ might be optimized to tightly bind methionine and the 3′ end of tRNA i
Met . Consistent with this proposal, a r t i c l e s it has been shown that methionine contributes 13-fold to the binding of Met-tRNA i Met to eIF2 (ref. 44) . Taking these observations together, we propose that very tight and highly specific interactions between eIF2γ and methionine linked to the 3′end of tRNA i Met promote eIF2 ternary complex formation.
METhODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/nsmb/.
